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ABSTRACT 
 Gold nanorods are of great interest in many areas of science and technology due 
to their versatility and electro-optical properties. There are simple synthesis methods that 
allow for shape control and the ability to change the chemistry on the surface of the gold 
nanorods. One of the interesting properties of gold nanorods is their ability to locally 
enhance electromagnetic fields in the vicinity of the ends of the nanorods. This 
enhancement can be increased and additive when multiple gold nanorods are aligned 
and can be useful for sensing and plasmonic enhancement. This study of alignment and 
surface chemistry of gold nanorods is to help elucidate simplistic ways to create large 
arrays of patterned gold nanorods through shear and directed assembly. 
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CHAPTER 1 
INTRODUCTION TO GOLD NANORODS  
AND APPLICATIONS 
1.1 Introduction 
For centuries scientists and artists alike have been interested in nano-sized metal 
particles. Artisans were using these particles in glass to make vibrant colors for beautiful 
objects such as the Lycurgus cup and colored-glass windows. Michael Faraday was 
studying the synthesis and optical properties of gold colloids at the turn of the 19th century 
following the interests of scientists and philosophers from the 16th century [1]. Current 
science and technology take advantage of metal nanoparticles of many shapes and types 
for applications in bio-sensors [2-7], plasmonics [6, 8-12], imaging [6, 13, 14], 
photothermal therapy [5, 6, 15], surface-enhanced Raman scattering [6, 16-19], and 
enhanced fluorescence [16, 20-22] due to their unique electro-optical properties. 
 The optical properties of these particles are of great interest to past and present 
technology in large part due to the surface plasmons that can be formed when light is 
incident upon them. The surface plasmons are the oscillations of the conducting electrons 
of the metal nanoparticle surface. Of particular interest is the resonance state that can 
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occur at specific frequencies of light due to the electrons being excited in-phase. The 
resonance causes enhancement of the scattering cross section and localized 
enhancement of electric fields [3, 6, 8, 18, 23]. These enhancements are greatest when 
the particles are much smaller than the wavelength of the incident light [6, 8, 23].  
The wavelength at which the surface plasmon resonance occurs depends on the 
size, shape, and material of the nanoparticle as well as the refractive index of the medium 
in which the nanoparticles are dispersed [1, 8, 24]. Gold nanorods, specifically, have two 
distinct surface plasmon resonances (SPRs) in the UV and visible range of the 
electromagnetic spectrum that are easily tunable with slight variations in synthesis. There 
is one resonance that is due to the width of the nanorod, called the transverse SPR, and 
one caused by the length of the nanorod, called the longitudinal surface plasmon 
resonance (LSPR) [24]. An example of how both SPRs appear in UV-Visible spectra is 
shown in Figure 1.1. A red-shift of the LSPR occurs when the aspect ratio of the gold 
nanorods are increased while the transverse SPR remains at the same wavelength as 
shown in Figure 1.2 [25]. Size, aggregation, and changes in the media surrounding the 
gold nanorods can also be observed using UV-Visible spectrophotometry. At the LSPR 
wavelength the electric field intensity and absorption cross-sections are most strongly 
enhanced. Figure 1.3 shows TEM micrographs and corresponding UV-Visible spectra of 
gold nanorods of various aspect ratios. 
The surface plasmons greatly enhance electromagnetic fields in the direct vicinity 
of the metal nanoparticles making them useful for waveguides and sensing devices. 
When multiple metal nanoparticles are aligned, the electric field enhancement increases 
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and the SPR peaks narrow [8, 10, 18, 21, 26]. This narrowing results in increased 
sensitivity. The spacing between the ends of the nanoparticles and varying the distances 
and angles between the particles will change the way in which light interacts with the 
system [10, 18, 21, 27-29]. The narrowest and most intense SPRs can be seen in arrays 
of nanoparticles with gaps of about 0.5 nm aligned end-to-end [30]. Varying the angle 
between nanoparticles will change the amount of electromagnetic radiation absorbed by 
the system with the peak absorbance occurring when light is polarized in the same 
direction as the alignment [8, 10, 27, 30]. 
Traditionally, the approaches for creating devices with patterned gold nanorods 
leave them with a set configuration. Using top-down methods such as electron-beam 
lithography [8, 31] or nanoimprinting can create homogeneous arrays, but it would be 
beneficial to have the ability to dynamically change the spatial orientation of the gold 
nanoparticles and do so in three dimensions. 
 
 
 4 
 
 
 
Figure 1.1 Example of gold nanorod UV-Vis spectra with diagrams describing the 
electron oscillations along the two axes within the nanorods. 
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Figure 1.2 Normalized UV-Vis absorbance spectra of gold nanorods made with the 
standard synthesis and at various aspect ratios. The aspect ratio was varied by changing 
the amount of AgNO3 added. The transverse SPR stays stationary around 525 nm and 
the LSPR wavelength changes from 664 nm up to 837 nm. 
 
 
 
 
Increasing aspect ratio 
 6 
 
 
 
 
Figure 1.3 TEM micrographs of gold nanorods of different aspect ratios.  
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CHAPTER 2 
SYNTHESIS OF GOLD NANORODS 
2.1 Materials  
 Silver nitrate, hydroquinone, trisodium citrate, and Sodium borohydride ≥ 99 %  
were obtained from Sigma-Aldrich and used as received. Gold (III) chloride trihydrate, 
also known as chloroauric acid, ≥ 99.9 % was obtained from Aldrich and used as received. 
L-(+)ascorbic acid was obtained from Acros Organics and used as received. Sodium 
hydroxide was obtained from FisherChemicals and used as received. 
Hexadecyltrimethylammonium bromide (CTAB) (BioUltra, ≥ 99.0 %) and 
benzyldimethylhexadecylammonium chloride were obtained from Sigma and used as 
received. All of the glassware used in the following syntheses was cleaned prior to use 
with aqua regia and deionized (DI) water (18 mΩ). Aqua regia is 1:3 by volume 
concentrated nitric acid to hydrochloric acid. The same deionized water is used 
throughout the syntheses as well. 
 
2.2 Instrumentation 
 Absorption spectra were primarily obtained using a Varian Cary 500 Scan UV-Vis-
NIR spectrophotometer unless otherwise indicated. Other UV-Visible spectroscopy was 
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performed using a Perkin Elmer Lambda 900 UV-Visible-NIR spectrophotometer and in 
these instances it will be noted. Transmission electron microscopy (TEM) was performed 
using a JEOL 2100 Cryo TEM at an accelerating voltage of 200 kV. Scanning electron 
microscopy (SEM) was performed using a Hitachi S4800 High Resolution SEM. Dark field 
microscopy was performed using a Zeiss Axio Observer.Z1. Zeta potential measurements 
were obtained using a Brookhaven ZetaPALS instrument. Centrifugation was done using 
a Thermo Scientific Sorvall Legend X1 Centrifuge.  
 
2.3 Standard Synthesis  
 It is only recently that scientists have been able to control the synthesis of gold 
nanorods, allowing the optical properties and size-dependence to be better understood. 
The first methods for synthesis used substrates of controlled pore size to 
electrochemically create anisotropic particles in the presence of CTAB [1]. This was 
followed by a simple three-step seeded growth method that creates gold nanorods with 
controllable aspect ratios between 18 and 25 that will be discussed in detail later [2, 3]. 
Since these initial methods were developed, variations have been shown to control 
different aspects of the final gold nanorod product. 
The current standard procedure for creating gold nanorods of aspect ratios from 
approximately 2 to 5, which corresponds to lengths of 20 to 100 nm, is a seeded-growth 
method that produces gold nanorods in yields of greater than 95 % compared to other 
shapes and can be scaled-up to batches on the order of several liters [4]. The following 
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synthesis is modified from this method and describes the procedure used to make 10 mL 
batches and is used to create all of the gold nanorods hereafter described as being made 
using the standard synthesis.  
First, a seed solution containing gold particles that are approximately 1.5 nm in 
diameter are made. A 0.1 M HAuCl4 solution was made by adding 0.9846 g of HAuCl4 to 
25 mL of DI water with a Teflon-coated spatula and solution is then diluted by a factor of 
10. This 0.01 M HAuCl4 in the amount of 250 µL was reduced with 600 µL of freshly made, 
ice-cold 0.01 M sodium borohydride (NaBH4) in a 9.75 mL aqueous solution of 0.1 M 
CTAB in a 50 mL centrifuge tube and stirring vigorously for 10 min after all additions have 
been made without capping. A 0.1 M NaBH4 was made by adding 0.0430 g of NaBH4 with 
a Teflon-coated spatula to 10 mL of DI water that had been cooled in an ice bath. 1 mL 
of this 0.1 M NaBH4 solution is added to 9 mL of ice-cold DI water to create the final 0.01 
M NaBH4 solution. The aqueous CTAB solution is made by adding 36.4 g of CTAB to a 1 
L volumetric flask, adding DI water to the 1 L mark, and stirring overnight.  
 A growth solution is made with 9.5 mL of 0.1 M CTAB to which AgNO3 is added to 
achieve the desired aspect ratio of gold nanorods. With increasing amounts of AgNO3 
added, the gold nanorods will have increasing aspect ratios up to an aspect ratio of about 
5. Spheres can be created in high yield using as little as 2 µL of 0.01 M AgNO3 and the 
aspect ratio will increase with additions up to about 100 µL of 0.01 M AgNO3. The 0.01 M 
AgNO3 solution is made by adding 0.0169 g of AgNO3 to 10 mL of DI water using a Teflon-
coated spatula and being careful to keep the solution of AgNO3 from light. Additions 
beyond this may actually decrease the aspect ratio of the gold nanorods for reasons that 
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have not been elucidated at this time. Figure 2.1 shows normalized UV-Vis absorbance 
spectra of gold nanorods made with various amounts of added AgNO3 within the 
previously mentioned range. Figure 2.2 is an image of the “rainbow” of gold nanorods that 
can be created and shows that the aspect ratio of gold nanorods can be intuited from 
visual inspection. Table 2.1 shows the wavelength of the transverse SPR and LSPR of 
the absorbance spectra shown in Figure 2.1 by amount of AgNO3 added. 
After the AgNO3 addition, 500 µL of 0.01 M HAuCl4 is added creating an orange-
yellow solution. Next, 55 µL of 0.1 M ascorbic acid  (0.088g in 5 mL of DI water) is added 
and the solution is shaken vigorously until colorless. Lastly, 12 µL of the seed solution is 
added to the growth solution and left overnight before cleaning through two centrifugation 
cycles of 13,500 rcf for 20 min.  
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Figure 2.1 Normalized UV-Visible absorbance spectra of gold nanorods made with the 
standard synthesis and various amounts of AgNO3 added. The amount of 0.01 M AgNO3 
added is denoted next to the spectra. 
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Figure 2.2 Picture of gold nanorods with aspect ratio increasing from left to right. The 
change in aspect ratio can be seen with the naked eye.  
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Table 2.1 Resonances of the longitudinal and transverse surface plasmons for various 
amounts of AgNO3. These values correspond to the spectra showed in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
 
Volume AgNO3 
added 
(µL) 
Transverse Surface Plasmon 
Resonance 
(nm) 
Longitudinal Surface Plasmon 
Resonance 
(nm) 
20 528 664 
30 524 700 
60 525 777 
80 523 808 
100 523 837 
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2.4 Three-Step Growth Synthesis  
Some applications require specific aspect ratios of gold nanorods that are larger 
than those produced by the standard synthesis above. To this end, another syntheses 
was attempted to gain the ability to reliably synthesize gold nanorods with LSPRs around 
1064 nm as this double the wavelength of a 532 nm laser. Thus, a three-step growth 
method was attempted based on the synthesis by Busbee, Obare, and Murphy [2]. To 
begin, the seed solution was made and then allowed to sit for approximately 5 hours 
before proceeding. The seeds were made by adding 0.5 mL of 0.01 M HAuCl4 and 0.5 
mL of 0.01 M trisodium citrate (0.0294 g in 10 mL of DI water) to 19 mL of deionized 
water. Then, 0.6 mL of ice-cold NaBH4 was added to the seed solution and stirred for 10 
min.  
Three growth solutions were prepared and labeled A, B, and C. Solutions A and B 
were each made in 15 mL centrifuge tubes and C is made in a 200 mL Erlenmeyer flask. 
Solutions A and B both contained 250 µL of 0.01 M HAuCl4, 8.75 mL of 0.1 M CTAB, and 
50 µL of 0.1 M ascorbic acid. Solution C is made up of 2.5 mL of 0.01 M HAuCl4, 90 mL 
of 0.1 M CTAB, and 0.5 mL of 0.1 M ascorbic acid. All solutions were shaken and stirred 
until they were colorless. 
To begin the growth 1 mL of seed solution was added to solution A. Solution A was 
then inverted to mix and 1 mL was added to solution B after 15 s. Solution B was then 
inverted to fully mix and the entirety of solution B was added to solution C after 30 s. The 
resulting solution was undisturbed for 14 h and then the entire contents of the flask was 
poured out and discarded. A few mL of deionized water was then used to recover the 
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desired long rods, with aspect ratios of approximately 20, from the bottom of the flask. 
This synthesis has a yield of approximately 90 % rods compared to other shapes [2, 3].  
Gold nanorods with aspect ratios of 20 produce LSPRs at wavelengths much 
longer than 1064 nm. Shortening of growth times was attempted to produce gold 
nanorods with LSPR at shorter wavelengths, but were unsuccessful at doing such. Even 
after decreasing the time allowed for growth in each step the resulting gold nanorods of 
the three-step seeded growth method had aspect ratios that resulted in SPRs much larger 
than 1064 nm and, thus, not in range of the spectrophotometer. This meant that a new 
method was necessary, so the following co-surfactant method was attempted. 
 
2.5 Co-Surfactant Synthesis 
A method used in literature to push the LSPR of standard synthesis gold nanorods 
to higher wavelengths is a co-surfactant method. This method uses not only CTAB as a 
surfactant during synthesis, but also BDAC. Both are cationic surfactants with similar 
structures as shown in Figure 2.3. CTAB has a 16 carbon chain with a quaternary 
ammonium headgroup attached to three methyl groups and associated with a bromide 
ion as shown. BDAC is similar in that it is also made of a 16-membered carbon chain with 
a quaternary ammonium headgroup, but one of the attached groups is bulkier than a 
methyl group, C6H5, and the headgroup is associated with a chloride ion [5].  
The aspect ratio of gold nanorods can be changed by varying the relative amounts 
of CTAB and BDAC so that the LSPR is changed from 900 up to 1300 nm. For 
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reproducibility and aiming for an LSPR of approximately 1064 nm the following procedure 
was chosen. Seeds were made by adding 0.6 mL of ice-cold 0.01 M NaBH4 to 5 mL of 
0.2 M CTAB and 5 mL of 0.0005 M HAuCl4 (made by diluting the 0.01 M HAuCl4 by 20) 
and then stirring vigorously for 2 min. The 0.2 M CTAB solution was made by adding 72.8 
g of CTAB to a 1 L volumetric flask and then filling to 1 L with DI water before stirring for 
15 to 20 min at 40 °C and then without heat overnight.  
Two growth solutions were made, labeled A and B. Growth solution A started with 
0.1 g of CTAB being added to 5 mL of an aqueous solution of 0.15 M BDAC (2.971 g 
BDAC in 50 mL of DI water) by heating to 40 °C while sonicating for 30 min. This was 
added to 200 µL of 0.004 M AgNO3 (made by diluting 0.01 M AgNO3 by a factor of 2.5 
with DI water) and then 5 mL of 0.001 M HAuCl4 (made by diluting 0.01 M HAuCl4 by a 
factor of 100 with DI water). After gently mixing, 70 µL of 0.0788 M ascorbic acid was 
added followed by 12 µL of the seed solution. The 0.0788 M ascorbic acid was made by 
diluting the 0.1 M ascorbic acid by 1.27 times using DI water. 
Growth solution B began with 0.1 g CTAB in 5 mL of 0.15 M BDAC added to 200 
µL of 0.004 M AgNO3 and then to 5 mL of 0.0005 M HAuCl4. Ascorbic acid was the added 
in the amount of 36 µL with a concentration of 0.0788 M. Growth solution B was then 
slowly added to the growth solution A, that contained the gold seeds, at a rate of 1 mL 
every 20 minutes. After a simple test of varying numbers of additions of growth solution 
B to growth solution A it was determined that 6 additions would consistently produce gold 
nanorods with LSPR around 1064 nm, but with a yield of nearly 30-40 % spherical 
particles as evidenced by the UV-Vis in Figure 2.4.  Although the paper that the original 
20 
 
synthesis was from reported yields of greater than 99 %, others also had yields closer to 
the results in Figure 2.4 [6, 7]. The UV-Vis results were confirmed by SEM of gold 
nanoparticles coated with poly(sodium-4-styrenesulfonate) (PSS) deposited on a surface 
of poly(allylamine hydrochloride) (PAH) done by the Heflin group at Virginia Tech. In 
literature, it has been shown that depletion of larger gold nanorods will occur with the 
additional surfactant. This allows for collection of these size-selected gold nanorods, but 
adds at least 24 h and many additional steps to the synthesis [6]. 
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CTAB 
 
 
BDAC 
 
Figure 2.3 Structures of the two surfactants used in production of gold nanorods using 
the co-surfactant method. 
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Figure 2.4 UV-Vis of BDAC/CTAB co-surfactant method synthesized gold nanorods. The 
transverse peak is large relative to the longitudinal peak indicating high concentrations of 
spheres. These traces indicate 2, 4, 6, and 8 additions of growth solution B to growth 
solution A and are labelled with the number of additions. 
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2.6 Hydroquinone Reduction Synthesis 
As it seemed that the co-surfactant method produced far too many spherical 
particles a new method was attempted that changes the reducing agent used in the 
synthesis. The reducing agent is changed from ascorbic acid to the weaker reducing 
agent, hydroquinone. The formation of the gold nanorods slows down with the change, 
allowing for the longitudinal axis to grow longer while keeping the width nearly the same 
as that in the standard synthesis. The increased aspect ratio will push the LSPR to a 
higher wavelength. The yield is also improved using hydroquinone as the reducing agent 
[8].  
This synthesis was similar to the standard synthesis described previously using 
ascorbic acid and is modified from the procedure given by Vidgerman and Zubarev [8]. 
First, seeds were made by using an aqueous solution of 5 mL 0.001 M HAuCl4 and 5 mL 
of 0.2 M CTAB. The concentrations of HAuCl4 and CTAB end up being the same as those 
in the standard synthesis, but the method was changed to more closely follow the 
synthesis described by Vidgerman and Zubarev. Next, 460 µL of 0.01 M NaBH4 in 0.01 
M NaOH was added to the seed solution. This NaBH4 solution was used ice-cold and 
freshly made. A growth solution is made by adding 5 mL of 0.001 M HAuCl4 and 5 mL of 
0.2 M CTAB to 70 µL of 0.1 M AgNO3 (0.169 g of AgNO3 in 10 mL of DI water). Then, 500 
µL 0.1 M aqueous hydroquinone (0.3441 g hydroquinone for 31.25 mL of DI water) was 
added to the growth solution. Finally, 160 µL of the seed solution was added to the growth 
solution. The solution then had a cloudy appearance and was left overnight before 
cleaning with two centrifugation cycles of 13,500 rcf for 20 min.  
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This synthesis proved to be the easiest and most reliable for producing high-yields 
of gold nanorods with LSPRs near 1064 nm. Figure 2.5 is a UV-Vis spectra shows the 
resulting gold nanorods varying the amount of added AgNO3 from 40 μL to 80 μL and 
TEM micrographs are shown in Figure 2.6. Using TEMs, the over 400 particles were 
measured and found to have a width of 17 ± 2 nm, length of 97 ± 25 nm, and aspect ratio 
of about 5.8. Figure 2.7 shows TEM micrographs of gold nanorods made by the 
hydroquinone reduction synthesis compared to those made by the standard synthesis. 
The aspect ratio and longitudinal axis of the hydroquinone-reduced gold nanorods are 
obviously greater than those of the standard synthesis gold nanorods, but there also 
appears to be a difference in the shape of the gold nanorod ends. The ends of the 
hydroquinone-reduced gold nanorods appear to be less rounded than those in the 
standard synthesis and many of the sides appear to be more curved. These shape 
differences may change the way light interacts with the nanorods. The intermediate 
shapes that can be found in small numbers within the samples also seem to be more 
triangular and sharper vertexes. Both of these reasons could explain the differences 
between the transverse SPR peaks and the wavelengths lower than the LSPR from the 
two synthesis methods in the UV-Vis absorbance spectra shown in Figure 2.8. 
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Figure 2.5. UV-Vis spectra of gold nanorods as-synthesized with the hydroquinone 
reduction method and with varying amounts of AgNO3. Each trace is labelled with the 
volume of 0.1 M AgNO3 that was added to the growth solution to create the gold nanorods.  
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Figure 2.6 TEM micrographs of gold nanorods made with the hydroquinone reduction 
method. 
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Figure 2.7 TEM micrographs of standard synthesis gold nanorods on the left compared 
to TEM micrographs of hydroquinone-reduced gold nanorods on the right. 
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Figure 2.8 Side-by-side comparison of UV-Visible absorbance spectra from standard 
synthesis method (normalized, left) and the hydroquinone reduced synthesis (right). The 
shape of the spectra are different between about 500 nm and the beginning of the LSPR 
peak. 
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CHAPTER 3 
APPLICATIONS AND ALIGNMENT  
OF GOLD NANORODS 
3.1 Polyelectrolyte Wrapping of Gold Nanorods 
 All of the synthesis methods described in Chapter 2 resulted in gold nanorods that 
are stabilized in solution by a cationic surfactant. In the case of CTAB, a bilayer is formed 
around the particle with the polar headgroups facing out towards the solution giving the 
gold nanorods an overall positive charge and hydrophilicity. While useful for some 
applications, the CTAB-coated gold nanorods are not ideal for use in biological 
applications (as CTAB is cytotoxic), devices that require gold nanorods to be in a non-
polar solvent, or in polymer-nanoparticle composites with hydrophobic polymer matrices 
[1]. 
 One of the simplest methods for changing the surface chemistry of gold nanorods 
has proven to be that of layer-by-layer wrapping of polyelectrolytes. When the gold 
nanorod surface is positively charged, a negatively charged polyelectrolyte will be 
electrostatically attracted to the surface, which in turn will attract positively charged 
polyelectrolytes. The process can be repeated many times to wrap a gold nanorod with 
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the desired thickness and surface chemistry [1]. This method for wrapping nanoparticles 
follows from work done in the past to coat surfaces with alternating polyelectrolytes [2-4] 
 For the following studies poly(allylamine hydrochloride) PAH Mw ≈ 15,000 g/mol, 
poly(sodium 4-styrene-sulfonate) (PSS) Mw ≈ 70,000 g/mol, and poly(acrylic acid) (PAA) 
Mw ≈ 15,000 g/mol (35 wt %) were obtained from Aldrich. Stock solutions of each 
polyelectrolyte must be made for use in the following procedures. A 10-2 M sodium 
chloride stock solution is made and then 1 mL of the stock solution is added to 9 mL of 
DI water. For PAH and PSS stock solutions, 100 mg is weighed out and put in the 10 mL 
of 10-3 M sodium chloride solution to give a final concentration of 10 mg/mL 
polyelectrolyte. For the PAA stock solution, 0.3 mL is added to the 10-3 M sodium chloride 
solution to give a final concentration of 10 mg/mL, as well. PAA is a weak anionic 
polyelectrolyte, PSS is a strong anionic polyelectrolyte, and PAH is a weak cationic 
polyelectrolyte. The molecular structure of the repeat unit for each polyelectrolyte is 
shown in Figure 3.1.  
Polyelectrolyte layer-by-layer coating of gold nanorods began with CTAB-
stabilized gold nanorods that had been cleaned once by a 13,500 rcf for 20 min 
centrifugation cycle. After the centrifugation step, the supernatant containing excess 
CTAB was removed and a gold nanorod pellet was left. Two pellets from 10 mL gold 
nanorod samples were combined in an unused centrifuge tube to double the 
concentration and a couple drops of DI water were added. To the pellets, 1 mL of 0.01 M 
NaCl and 200 µL of the desired 10 mg/mL polyelectrolyte stock solution were added 
simultaneously. The polyelectrolyte used in this step can be PAA or PSS as they are both 
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anionic and are electrostatically attracted to the cationic CTAB layer surrounding the gold 
nanorods. The molecular weight of the PSS, however, makes it more suitable for rods 
with large aspect ratios than those made with the CTAB short-rod synthesis. After the 
anionic polyelectrolyte addition, the gold nanorod solution was stirred and shaken for at 
least 30 min. The gold nanorods were then centrifuged again for 20 min at 13,500 rcf, 
removing the supernatant that contained excess polyelectrolyte. If a cationic surface was 
required, 1 mL of 0.01 M NaCl and 200 µL of PAH were added to the pellet and the 
process could continue by alternating anionic and cationic polyelectrolytes until the 
necessary coating had been realized making sure that the final step was the 
centrifugation and removal of the excess polyelectrolyte.  
The efficacy of the coating can easily be characterized by shifts in UV-Visible 
spectra as well as zeta-potential measurements as the sign of the measurements will 
change after each successive coating [1]. Figure 3.2 shows UV-Visible spectra of three 
different aspect ratios of gold nanorods that were cleaned, wrapped with PAA, cleaned, 
and then wrapped with PAH. Figure 3.3 shows the zeta-potentials of the cleaned, CTAB, 
gold nanorods, PAA, and PAH-wrapped gold nanorods. The sign of the zeta-potential 
changes from slightly positive when only CTAB is on the surface, to highly negative when 
wrapped in PAA, and then highly positive when wrapped in PAH. The magnitude of the 
zeta-potential measurements indicate that the gold nanorods are stable in solution. If the 
excess polyelectrolyte is not thoroughly removed after centrifugation aggregation may 
occur and can be seen by a shoulder in the UV-Visible spectra on the right side of the 
LSPR peak as shown in Figure 3.4 and the magnitude of the zeta-potential will be smaller 
than about 15 or 20 mV. 
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Figure 3.1. Left: Poly(allylamine hydrochloride) repeat unit molecular structure. Middle: 
Molecular structure of repeat unit of poly(sodium-4-styrenesulfonate). Right: poly(acrylic 
acid) repeat unit molecular structure. 
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Figure 3.2 UV-Visible absorbance spectra of three different aspect ratios of gold 
nanorods before polyelectrolyte wrapping and after wrapping with PAA and then PAH. 
The dark lines that are the furthest left in each figure are of aspect ratio 2 gold nanorods, 
the green traces in the middle are aspect ratio 2.5, and the red trace on the right are gold 
nanorods with aspect ratios near five. The top figure is the cleaned CTAB-only gold 
nanorods. The figure on the bottom, left is after the gold nanorods have been wrapped in 
PAA. The figure on the bottom, right is after the gold nanorods have been wrapped in 
PAA and then PAH. The absorbance decreases with each sequential wrapping step 
because some gold nanorods are lost during centrifugation and cleaning steps. 
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Figure 3.3 Zeta potential measurements of aspect ratio 2, 2.5, and 5 gold nanorods prior 
to wrapping, after wrapping with PAA, and after wrapping with PAH. The change in sign 
of the potential as well as the magnitude of the potentials indicate effective polyelectrolyte 
wrapping. 
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Figure 3.4 UV-Visible absorbance spectra of attempts at wrapping with PAA and PAH 
that aggregated. The aggregation can be inferred from the shoulders on the right side of 
the LSPR peaks. 
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3.2 Multilayer Structures for Field Alignment Experiments 
 Previous work has been done to align gold nanorods [5] and other nanoparticles 
[6- 8] in electric [5, 8] and magnetic fields [6, 7]. Some of this work has been in solution 
[5] and other with particles on a substrate [6- 8]. When depositing particles on a substrate 
they must be well-dispersed to allow for proper poling. This becomes an issue when gold 
nanorods in the aqueous phase are drop-cast onto a substrate. During the evaporation 
process gold nanorods tend to aggregate and form clumps so that they are not spread 
evenly upon the substrate.  
To solve this issue, particles that have an opposite charge of the substrate surface 
can be used or the gold nanoparticles can be deposited within a polymer film. Simple 
chemical methods can be used to alter the charge of a substrate and polyelectrolyte-
wrapping of gold nanorods can make them highly charged both positively and negatively 
as described previously. Polymer-nanoparticle films can be made with the two-step 
seeded-growth method nanoparticles that are CTAB-coated with polymers that are water-
soluble. 
Multilayer structures were produced by drop-casting of gold nanorods in polymer 
solutions onto 1 inch quartz substrates for testing the ability of poling using electric, 
magnetic, and electromagnetic fields. The quartz substrates were cleaned using an RCA 
method to leave the surface with a negative charge. To clean the substrates they are 
immersed in a 70 °C water, hydrogen peroxide, and ammonium hydroxide solution at a 
ratio of 6:2:1 for 20 min, rinsed in deionized water. Then, the substrates are immersed in 
a 70 °C solution of water, hydrogen peroxide, and hydrochloric acid at a ratio of 6:2:1 for 
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20 min, rinsed in deionized water once more, and finally dried for an hour at 130 °C. The 
desired first-layer was then drop-cast onto the surface in the amount of 0.5 mL and was 
left to dry overnight at room temperature. The specimen was then rinsed by placing it in 
a petri dish with DI water for 20 min and then dried at 60 °C for 30 min. A second layer 
was drop-cast on top of the first layer again using 0.5 mL. After an hour the specimen 
was wicked dry with a laboratory wipe and then placed in water for 30 min before drying 
at 60 °C for 30 min. These samples were then sent to the Air Force Research Labs for 
poling studies. SEM micrographs were taken to visualize the dispersion of the specimen 
and several are shown in Figure 3.5. Polyelectrolyte-wrapped gold nanorods of aspect 
ratios 2, 2.5, and 5 were used and placed in PAA or PAH solutions.  
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Figure 3.5 SEM micrographs of polyelectrolyte-wrapped gold nanorods in polymer films. 
Top: Aspect ratio 2, PAA-wrapped gold nanorods in PAH. Bottom: Aspect ratio 5, PAA-
wrapped gold nanorods in PAA layered over PAA-wrapped, aspect ratio 5 gold nanorods 
in PAH. 
 
 
 
1 µm 
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3.3 Applications in Second Harmonic Generation 
 Second-order nonlinear optical (NLO) materials are used to make green and blue 
lasers, modulators, optical switches, and parametric amplifiers. Second harmonic 
generation (SHG) is one of these NLO processes that can be used for probing surfaces 
and interfaces. Second harmonic generation can occur when light from a laser of 
sufficient intensity impinges on a medium at a particular frequency. This light induces 
dipole oscillations of the molecules within the medium and the anharmonicity of the 
oscillations allows for the emission of electromagnetic radiation at not only the 
fundamental frequency, but also at harmonics such as those that are double or triple the 
fundamental frequency. The second harmonic that is emitted from the medium can be 
collected and used for spatial and temporal resolution of surfaces and has a wavelength 
that is half that of the impinging light [9]. 
Typically, NLO devices are made from inorganic crystals that require expensive 
and complicated production for crystals of desired size and quality. One method that has 
been attempted to overcome this issue is using ionic self-assembled monolayer (ISAM) 
films. ISAM films are essentially films with layers that alternate between polycation and 
polyanion created by immersing a substrate in alternating solutions of the polycations and 
polyanions using dyes in the layers for the NLO media [2, 10]. These ISAM films are 
created and studied by Heflin and group. To increase the effectiveness of these films, 
particles with SPRs can be used to enhance electromagnetic intensity locally as well as 
enhancing SHG [11-14]. Surface plasmons have proven to be beneficial in enhancing 
SHG [11, 15, 16]. In the past, silver triangle arrays were created using nanosphere 
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lithography to increase SHG conversion efficiency to good effect. These triangles, 
however, did not have regular spacing or geometry. To improve geometry irregularities 
gold nanorods were to be studied in place of the silver triangle arrays [11]. 
Gold nanorods with LSPR at approximately 1064 nm that could be deposited on a 
PAH-coated surface were needed. To this end, various methods of synthesizing gold 
nanorods were explored as described previously. The three-step method produces gold 
nanorods that have aspect ratios much too high for this LSPR. The standard short-rod 
synthesis could at best push the LSPR to about 920 nm, but there is still considerable 
absorbance at 1064 nm. The BDAC and CTAB co-surfactant method was unreliable and 
produced gold nanorods at almost the same yield as gold spheres. The spheres do not 
allow for the SHG to be enhanced as by the Heflin and Robinson groups at Virginia Tech. 
This leaves the hydroquinone reduction method as the best possible route for the 
synthesis and as such gold nanorods made using this method were used for SHG studies 
done by the Heflin and Robinson groups at Virginia Tech. Deposition on the ISAM films 
was attempted with PSS-wrapped gold nanorods as they have the opposite charge of the 
PAH films to which they will be exposed. However, these gold nanorods did not greatly 
increase SHG either. This is believed to be due in part to the distance between the 
particles and the film being too great for the near-field enhancement to occur. To this end, 
new surface chemistries will be explored in the future that allow for the plasmonic particles 
to be in closer contact with the NLO substrate.  
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3.4 Applications in Switchable Optical Materials 
 In the past, it has been shown that anisotropic nanoparticles can be aligned when 
embedded in a polymer film that has been stretched [17, 18]. Aligning gold nanorods gives 
even greater enhancement of optical properties due to near-field coupling [19- 21]. Methods 
for aligning nanoparticles previously included preferential end-to-end binding [21-24], 
block-copolymer templates [6], controlled evaporation [25], electric fields [5, 8, 26], 
magnetic fields [6, 7], and shear [17, 18]. In this study, shear was used to assemble the 
particles that are dispersed in a poly(vinyl alcohol) (PVA) matrix as it allows for simple 
reorientation and alignment by mechanical stretching. UV-Vis spectrophotometry shows 
the changes in optical properties that are caused by the mechanical stretching and using 
polarized light the anisotropic reorientation can be elucidated. This reorientation was 
compared to the alignment that could be achieved using the tracks of a digital versatile disc 
(DVD) as a template for similar polymer-nanoparticle composites.  
Films were made in polystyrene 60 mm Petri dishes chosen for ease of film 
removal as well as capability of being heated to the necessary temperatures. A well-mixed 
solution containing 3 mL of 5 wt % poly(vinyl alcohol) (PVA) and 1 mL of aqueous gold 
nanorods at a chosen concentration is poured into the Petri dish. For this study the final 
concentration was chosen to be 1 nM. The PVA solution is made by adding 2.5 g of PVA 
(molecular weight 85-124k) purchased from Aldrich to 50 g of DI water and heated to 110 
°C. The gold nanorods are added after allowing the PVA to cool. The dish was then put 
in a desiccator to remove air bubbles that have formed during mixing for 30 min. After 
this, the dish was placed in an oven set at 60 °C for 18 hr. The films were easily removed 
43 
 
and could be stretched up to four times their original size by hand if heated to at least 60 
°C in a humid environment. Figure 3.6 shows that differences in gold nanorod 
concentration within the PVA films are visible to the naked eye. 
 These films allow for alignment from simple mechanical stretching, but the spacing 
is uneven and unpredictable due to the randomness of the process and drying effects. 
One way to attempt to overcome this flaw is to pattern the nanorods by directed-assembly. 
This was attempted through the use of a DVD as a mold for the film to be formed upon. 
DVDs contain grooves that are 320 nm wide and 740 nm apart center-to-center. When 
the film is dried onto this surface there will be enough room for the gold nanorods to be 
randomly oriented within the grooves and then align along the grooves when stretched. 
This creates an array of more uniformly-spaced gold nanoparticles that will allow for more 
repeatable results and increased efficiency of devices.  
 The grooves of a DVD are on the inner surfaces of two polycarbonate discs that 
are bonded together and can be accessed by cutting into the edge of a disc with scissors 
and then baking for about 1 min in an oven set at 80 °C. Both sides of the DVD can be 
used after removal of a metal film and organic dye. The metal film can be removed most 
easily using tape to pull it off and the organic dyes can be removed using isopropyl alcohol 
or methanol, depending on the brand of DVD. The two halves were then dried using 
flowing nitrogen and ready for the films to be poured and are shown in Figure 3.7. No 
alteration of the PVA and gold film solution is needed except that 4.5 mL of total solution 
is used as some can go under the DVD template and not be a part of the final film and it 
can be easily removed from the template as shown in Figure 3.8.  
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Figure 3.6 PVA films with concentrations increasing from left to right. Scale bar = 10 mm. 
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Figure 3.7 Image of DVD-R used to template polymer-nanoparticle composites. The image 
shows the two halves of the DVD-R after separation and prior to removal of dies and 
metallization layers. 
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Figure 3.8 Image of polymer-nanoparticle composite film made on a DVD-R template. 
This film has been removed from the template and dish. The left side shows diffraction 
from the grating structure that has been transferred to the polymer-matrix. Scale bar is 
approximately 10 mm. 
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Three types of films were made to compare effectiveness of alignment using a 
template. The first type is untemplated nanoparticle-polymer films, the second is films that 
were templated using a DVD and then stretched along the tracks (referred to as parallel-
stretching), and, lastly, films that were template using a DVD and stretched perpendicular 
to the tracks. SEMs of unstretched and stretched samples of are shown in Figure 3.9. 
The change in structure due to stretching is apparent in the SEMs of the templated 
samples. The parallel-stretched shows that the features from the grating-structure have 
become thinner and the perpendicular-stretched sample shows elimination of the grating-
structure, but with some obvious directionality that is likely left over from the tracks. 
 The effect of orienting of nanorods preferentially along a specified axis can be 
verified using dark field microscopy, atomic force microcopy (AFM), and UV-visible 
absorbance spectra. Dark field microscopy can give qualitative evidence of alignment of 
gold nanorods. This is because they scatter light very strongly and in a polarized manner, 
meaning that alignment can be inferred by scattering when light is polarized in the same 
direction as the longitudinal axis of the rods [27]. The images in Figures 3.10 and 3.11 
indicate that after stretching there appears to be increased scattering in many locations 
when the light is polarized along the direction that the films were stretched. 
Another approach to determining efficacy of alignment is UV-Vis. Figure 3.12 
shows the UV-Vis of the unstretched and stretched films that were made without 
templates in three different polarization states. Figure 3.13 shows the UV-Vis of templated 
samples that are unstretched, stretched along the track direction, and stretched 
perpendicular to the track direction. Figure 3.14 compares the three types of stretched 
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films in light that is polarized in the direction that the samples were stretched and, 
therefore, the longitudinal axis of the gold nanorods. In all of the unstretched films the 
polarization of the light does not change the absorbance as the gold nanorods are 
oriented randomly. After stretching, each type of sample shows near elimination of the 
LSPR peak in the spectra obtained using light polarized perpendicular to the stretch 
direction and spectra that were very similar in unpolarized light and light polarized along 
the stretch direction. This shows that few rods are unaligned after stretching and that the 
direction of alignment is such that the longitudinal axis of the gold nanorods follows the 
stretch direction. Comparing the spectra of the three types of film does not give a 
quantitative method of analyzing alignment as neither the film thickness nor the spacing 
of the gold nanorods can be controlled. The thickness of the PVA will change the 
background absorbance, so different films cannot be compared. If the spacing of the gold 
nanorods is not controlled the increased absorbance due to near-field enhancement is 
unknown. AFM of the samples can allow for qualitative determination of alignment, 
thickness of the PVA films, and spacing of the gold nanorods. 
 
 
 
 
 
 
 
 
49 
 
Figure 3.9 SEM micrographs of polymer-nanoparticle composite films: Made with no 
template and unstretched (top, left), made with DVD template and unstretched (top, right), 
made with DVD template and stretched along the track direction (bottom, left), and made 
with DVD template and stretched perpendicular to the track direction (bottom, right). 
 
 
 
 
 
 
5 μm 500 nm 
3 μm 2 μm 
50 
 
 
Figure 3.10 Dark field micrographs of polymer-nanoparticle composite films after 
stretching made with no template. The left was taken with polarization perpendicular to 
the stretch direction and the right with polarization parallel to the stretch direction. The 
green arrows point to several aligned gold nanorods that appear due to the polarization 
of the scattering.  
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Figure 3.11 Dark field micrographs of polymer-nanoparticle composite films after 
stretching made with a DVD-R template. The micrographs on the left side are from the 
films stretched in the direction of the tracks and the micrographs on the right side are of 
the films stretched perpendicular to the track direction. The top row of micrographs were 
taken using only light polarized perpendicular to the stretch direction. The bottom row of 
micrographs were taken using light polarized along the stretch direction. The red arrows 
point to several of the scattering sites that are visible only in the micrographs of the light 
polarized in the direction of the longitudinal axes of the gold nanorods. 
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Figure 3.12 UV-Vis absorbance spectra of polymer-nanoparticle composite films before 
(left) and after (right) stretching. These were taken using the Perkin-Elmer Lambda 900 
UV-Vis-NIR spectrophotometer. The solid black traces ( ) are of spectra obtained 
in unpolarized light. The blue, dashed lines ( ) are spectra obtained using light 
polarized perpendicular to the stretch direction for the stretched sample and 0° for the 
unstretched sample. The orange, dash-dot traces ( ) are UV-Vis spectra 
obtained using light polarized along the stretch direction for the stretched sample and 90° 
for the unstretched sample. 
 
Unpolarized  
Polarized (0 °) 
Polarized (90 °) 
Unpolarized  
Polarized perpendicular 
Polarized parallel 
53 
 
 
Figure 3.13 UV-Vis spectra of films made with DVD-R templates: Before stretching (top, 
left), after stretching in the direction of the tracks (top, right), and after stretching 
perpendicular to the tracks (bottom). The solid, black lines ( ) are spectra 
obtained without polarization. The dashed, blue trace ( ) is for light polarized in 
the 0° direction for the unstretched film and for light polarized perpendicular to the stretch 
direction in both of the stretched samples. The dash-dot, orange line ( ) is the 
spectra of light polarized in the 90° direction for the sample before stretching and the 
spectra obtained with light polarized in the direction of stretching in the stretched samples. 
These were taken using the Perkin-Elmer Lambda 900 UV-Vis-NIR spectrophotometer. 
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Figure 3.14 UV-Vis spectra of stretched polymer-nanoparticle composite films all 
polarized in the direction of the stretching. The red, solid trace ( ) is the sample 
made without a template, the purple, dashed trace ( ) is from the sample using a 
DVD-template and stretched along the tracks, and the gray, dotted line ( ) is from 
the sample using a DVD-template and stretched perpendicular to the tracks. These were 
taken using the Perkin-Elmer Lambda 900 UV-Vis-NIR spectrophotometer. 
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CHAPTER 4 
CONCLUSIONS AND FUTURE WORK 
 Simplistic methods for creating gold nanorods of desired size and surface 
chemistry were explored and used in multiple applications. Polymer-nanoparticle 
composites were constructed and tested for dispersity and alignment. Shear alignment 
using a DVD as a template was shown to be a quick and cheap method to create arrays 
of gold nanoparticles. 
AFM studies are currently being completed at this time and will allow for elucidation 
of effectiveness of templated alignment of gold nanorods using DVDs. The effectiveness 
will be determined using statistical analysis of average degree of rotation from a straight 
line. The side-to-side and end-to-end distances between individual gold nanorods must 
also be determined.  
 Determination of the best template size and concentration of gold nanorods within 
a nanorod-polymer composite can be done systematically with gratings of various widths 
and spacings. Using a shape memory polymer is the ultimate goal of the work as it would 
allow for true on-and-off capabilities of devices made using shear alignment. 
